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As the simplest andmost prevalentmotif of protein folding, α-helix
initiation is the starting point of macromolecular complexity. In
this work, helix initiation was directly measured via ultrafast tem-
perature-jump spectroscopy on the smallest possible helix nucleus
for which only the first turn is formed. The rate’s dependence on
sequence, length, and temperature reveals the fastest possible
events in protein folding dynamics, and it was possible to separate
the rate-limiting torsional (conformational) diffusion from the
fast annealing of the helix. An analytic coarse-grained model for
this process, which predicts the initiation rate as a function of tem-
perature, confirms this picture. Moreover, the stipulations of the
model were verified by ensemble-converging all-atom molecular
dynamics simulations, which reproduced both the picosecond an-
nealing and the nanosecond diffusion processes observed experi-
mentally.
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Although biomolecular systems necessarily contain many de-grees of freedom, this alone is not sufficient to account for
their complexity. Rather, cooperative interaction of the constitu-
ents is the defining feature at all levels of biomolecular folding
and function. This complexity in protein thermodynamics and
dynamics can be represented as a multidimensional free energy
landscape through which the protein traverses a multitude of
folding pathways funneling to the native state (1–6). Due to the
interplay of entropic search and enthalpic trapping in kinetically
stable intermediates, this folding process ranges in timescale from
hundreds of nanoseconds to minutes depending on the protein
size and sequence (3), and methods for predicting such rates,
preferably in analytic expressions, are needed.
As one of the three types of polypeptide secondary structure,
the α-helix is a basic and ubiquitous feature of protein structure
and a key component of protein folding (1–6). In addition,
because the helix is stabilized by hydrogen bonds between resi-
dues i and iþ 4 along the polypeptide backbone, the formation
of the first turn (helix initiation) requires the proper arrangement
of three sets of torsion angles to achieve the correct conformation
for completion of the hydrogen bond. Depending on the side
chains, orientation of some torsional angles may sterically restrict
the movement of other angles. Thus, helix initiation is the most
basic cooperative process to study. As such, it serves as a bench-
mark system for elucidating generic features of secondary struc-
ture formation and their possible roles in the folding process.
Here, we utilize the relative simplicity of this basic motif and
examine its dynamic folding/unfolding. Ultrafast temperature-
jump (T-jump) spectroscopy, analytical modeling, and ensemble-
level all-atom simulations are employed to give a full picture of
this process. Importantly, a representative energy landscape can
be constructed in three dimensions, showing that, despite its
relative simplicity, helix initiation has the common features of
the funnel-type picture (1) of protein folding. One of the most
significant findings, both experimentally and theoretically, is the
sequence- and length-dependent separation of timescales be-
tween cooperative annealing and torsional diffusion, as well as
between helix initiation and propagation.
For long polypeptides, the entire helix formation process has
also been measured and found to occur in hundreds of nanose-
conds (7–9). The multiple possible initiation sites along the pep-
tide, in conjunction with helix propagation, give rise to the overall
helix formation timescale, which is dependent on the sequence,
temperature, and helix length. Hence, for these long polypep-
tides, the elementary steps of helix nucleation are convoluted by
propagation and other processes that dominate the dynamics.
Molecular dynamics (MD) simulations predict that helix initia-
tion occurs on timescales ranging from hundreds of picoseconds
to a few nanoseconds for short α-helical polypeptides (10–12),
and such timescales are not experimentally accessible to fast
T-jump studies, being limited to 10–20 ns temporal resolution
(2, 7–9, 13–18). With the ultrafast T-jump methodology of this
laboratory (19, 20), we have been able to study ultrafast processes
of helix initiation (21). However, the rates per se do not provide
the full picture for the landscape of folding.
In this contribution, we present studies of sequence and tem-
perature dependencies for polypeptides made of five residues
and investigate the length dependence of the rates. We examined
the refolding of a 21-residue structure. The results are compared
with the predictions of an analytic model as well as molecular
dynamics simulations. The 21-residue polypeptide results exhibit
longer timescales because of contributions from helix propaga-
tion from other sites in the structure. When denatured, the rates
increase, reaching those of the five residue peptides. The comple-
mentary nature of the theoretical, experimental, and computa-
tional efforts gives a holistic and intuitive picture for this
elementary biological process, which occurs on a feature-rich free
energy landscape.
Results and Discussion
Helix initiation rates were measured via time-resolved fluores-
cence spectroscopy for three peptides: the alanine-based penta-
peptide, Ac-W-A3-H-NH2 (Wh5); a glycine-based pentapeptide,
Ac-W-G3-H-NH2 (Wgh5); and an alanine-based 21-residue helix,
Ac-W-ðAÞ3H-ðA3RAÞ3A-NH2 (Wh21) (see Fig. 1). To ensure
that the side chain of histidine was protonated, the peptides stu-
died were made in acetate buffer at pH 4.8. The first two peptides
were designed to have different helix content and stability due
to the higher helix propensity of alanine over glycine (22). In
addition, their minimal size means that helix initiation is the only
process observed. Tryptophan serves as a sensitive fluorescence
probe for the local structural change in these peptides, following
the ultrafast T jump.
Steady-State Spectra. Fig. 2A displays representative far UV
circular dichroism spectra of Wgh5 andWh5. The results indicate
that such short peptides do exhibit measurable helix formation
in aqueous solutions. The alanine-based pentapeptide (Wh5) has
a right-handed α-helical structure and the CD spectrum is in
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good agreement with those reported for short peptides and pro-
tein helices (23, 24). The glycine-based pentapeptide (Wgh5), on
the other hand, produces a dominant left-handed helix signature,
similar to the left-handed helix spectrum reported for D-amino
acid peptides (25); however, although the left-handed helical
population is dominant, the structures we probe for Wgh5 are
those of right-handed helices because the strong tryptophan-
histidine quenching mechanism is sterically suppressed in the left-
handed helix because of backbone hydrogen bonding (see Fig. 1).
The percent of helix formation from CD measurements was
found to be 20 5 and 5 2 at 310 K for Wh5 and Wgh5, re-
spectively, and the fluorescence signal in the T-jump experiments
clearly reflects the decrease in right-handed helix concentration
for Wgh5 when compared with Wh5. Shorter chain lengths were
also formed by using the denaturing agent guanidine hydrochlor-
ide, and as shown in Fig. 2B, the spectrum of partially denatured
Wh21 reaches that of Wh5.
Time-Resolved Fluorescence Spectroscopy. The peptide was heated
using an ultrafast IR pulse centered at 1.45 μm, and the approach
to the new equilibrium over time was monitored through the
quenching of tryptophan fluorescence. Fig. 2C depicts a compar-
ison of the observed kinetics over a time window ranging from
t ¼ 0 to t ¼ 4.4 ns at 300 K for both Wgh5 (blue) and Wh5
(green) after applying the T jump. Note that, within the first
50 ps, the tryptophan fluorescence decreases dramatically due
to the temperature rise resulting from the water thermalization
(21). The unfolding and solvent relaxation (solvation) events
indeed occur during this time window and cannot be resolved,
and it is only after this time window that the conformational
diffusion rate equilibrates to the final temperature, leading to
an additional quenching (decrease) in the tryptophan fluores-
cence by histidine while the peptide searches for the helical struc-
ture. For this reason and clarity, time zero is defined to be 50 ps
after the T jump in order to only show the refolding relaxation
dynamics. The relaxation profile of Wgh5 is described by a single-
Fig. 1. Helix initiation. The three torsion angles of the memory-loss model
that define the conformational state of a five-residue polypeptide backbone
are labeled in (Top). The model maps the molecular content (both backbone
and side-chain atoms) into effective van der Waals spheres on each side of a
torsion angle. The helix initiation time is the characteristic time of all three
torsion angles diffusing to the helical domain subject to thermal excitation
and viscous drag on the effective spheres, at which point the structure is in
the helical basin in the free energy landscape (see text). Structures of the
Wh5 and both right- and left-handed structures of Wgh5 are given in the
middle. Folded and partially folded structures of Wh21 are shown on the
bottom. Tryptophan and histidine residues are located in the N and C termini
of Wh5, Wh21, and Wgh5.
Fig. 2. Ultrafast T -jump transients and CD spectra. Far UV CD spectra of
Wgh5 (blue) and Wh5 (red) at 266 K (A), display helix formation of these
peptides in aqueous solution. (B) CD spectra of Wh21 as a function of gua-
nidine hydrochloride concentration at room temperature. Transient evolu-
tion of the tryptophan fluorescence was monitored for Wgh5 (blue) and
Wh5 (green) after ultrafast T jump to final temperatures (Tf ) of 300 and
310 K over a time window ranging from t ¼ −50 ps to t ¼ 4.4 ns (C and D).
The fluorescence signals are shown with negative amplitude in arbitrary
units. For clarity, time zero is defined to be 50 ps after the T jump in order
to only show the refolding relaxation dynamics. The initial heating is through
the excitation of the overtone of the OH stretching vibration of water, indu-
cing a 12 °C temperature jump, which means the initial temperature is
Tf − 12 °C. Note that the signal of Wgh5 is rescaled to the intensity of Wh5
for clarity. Tryptophan was excited using an ultrafast UV pulse at 280 nm, and
its fluorescence was monitored (310–500 nm). The measured fluorescence
intensity is plotted in arbitrary units. (E) The transient evolution of the tryp-
tophan fluorescence of Wh21 in acetate buffer at pH 4.8 with 0 M (green)
and 5 M (blue) guanidine hydrochloride (GdmCl), following the T jump to
305 K final temperature. The flat black curve is the fluorescence of the
free tryptophan in water under identical conditions, following the T jump,
which is used as a baseline. All experiments were performed in acetate buffer
at pH 4.8.
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exponential function, whereas for Wh5, a double-exponential
function was invoked. The corresponding time constants are as
follows: 2.2 0.3 ns for Wgh5, and 0.85 0.3 ns (τ1) and 5.3
1.9 ns (τ2) for Wh5. These observations indicate the importance
of sequence on folding behavior even at the smallest scale of
length. In the case of Wh5, the steric hindrance of the CH3 side
chains is the key for separation of torsional diffusion from local
annealing, whereas the absence of such hindrance in Wgh5 be-
cause of the hydrogen side chains leads to a single-exponential
profile for the entire helix initiation process.
The temperature dependence of helix initiation was also
studied. At higher temperatures, the rate of helix formation
increases: At 310 K, the measured time constant for Wgh5 is
1.4 0.2 ns, whereas for Wh5 they are 0.65 0.25 ns (τ1) and
4.7 0.6 ns (τ2) (Fig. 2D). This trend is consistent with the diffu-
sion being the rate-limiting step (see below). In the case of Wh5,
the fast component contributes about 10–20% depending on the
final temperature, and the error bar in τ2 is large because of the
short time window. For this reason, we performed the experiment
at higher temperature to identify the asymptotic level of the re-
covery, and thus determined that the quoted errors are reason-
able. From these dynamics, we can infer that the process is at
least three-state, and because the fast time constant has a much
smaller amplitude than the slow one, the rate-determining step is
between the unfolded structure and the intermediate state or
ensemble; this interpretation is borne out by the theoretical ana-
lysis (see below). It is worth mentioning that the asymptotic level
of the recovery of Wh5 was found to be a factor of three lower
at 330 K compared with the maximum value at 310 K, which is
consistent with the relative helix content at those temperatures
obtained from the CD data.
To investigate the role of peptide length in helix formation,
specifically the additional contribution of helix propagation to the
overall folding dynamics,T-jump relaxation measurements were
also performed on the 21-residue α-helical polypeptide Wh21
in the presence and absence of a denaturant. Fig. 2E (green) dis-
plays a fast component of the relaxation process of Wh21 at a
final temperature of 305 K. Although Wh21 is a well-studied
system (8), this evidence for the existence of a few nanoseconds
transient behavior was previously undocumented. When compar-
ing with the subnanosecond fast process measured for Wh5, it is
concluded that the measured rates are associated with backbone
conformational dynamics, despite the identical location of the
tryptophan and histidine residues in the two structures.
The effect of denaturing agent on these results is dramatic.
Fig. 2E (blue) shows the ultrafast kinetics trace of Wh21 follow-
ing the T jump to 305 K final temperature in 5 M guanidine
hydrochloride. The transient displays double-exponential beha-
vior with the characteristic time constants of 0.8 0.3 ns (τ1,
15%) and 2.8 1.0 ns (τ2, 85%), thus mirroring the temporal
behavior of Wh5, which is identical to the first five residues of
Wh21. It follows that the propagation of helicity from nonlocal
parts of the structure in the absence of denaturant convolutes the
elementary (intrinsic) nature of the dynamics.
Coarse-Grained Model. These experimental results of sequence,
temperature, and length dependencies elucidate the nature of
the processes involved in folding. The fast relaxation dynamics,
which takes place within a few hundred picoseconds, is on the
same timescale as the ultrafast hydrogen-bond breaking/forma-
tion (which requires backbone annealing) between the C ¼ O
group of the tryptophan at position 1 and the N-H group of
histidine at position 5 (26). The observed double-exponential be-
havior of Wh5 with well-separated time constants indicates that
helix initiation for Wh5 is not a two-state process. MD simula-
tions on short peptides have in fact identified locally stable inter-
mediate(s) that arrange to the compact structure (27). On the
other hand, the observed single-exponential behavior for gly-
cine-based pentapeptide (Wgh5) does not necessarily mean that
the folding is a two-state process because multiple components
with similar timescales may not be experimentally separable.
For this reason, we formulated the following coarse-grained dif-
fusion model and also carried atomistic MD ensemble-conver-
gent simulations for our structural dynamics.
The model separates the timescale into two regimes: a slow
noncooperative diffusive search over the collective degrees of
freedom to find the helical basin in the free energy landscape,
and a fast cooperative annealing to the native state within the
helical basin. It is assumed that the characteristic time to sur-
mount the steric barrier to escape the helical basin is longer than
the annealing time but shorter than that of torsional diffusion.
This assumption is supported a posteriori by MD simulations
(see below). The concept of the helical basin within the energy
landscape casts the rate-limiting step of the continuous diffusion
of three angles into a discrete problem involving the number of
trials necessary to observe three independent events. As such, we
show below that rotational diffusion sets a well-defined τ, which is
characteristic of the time between trials.
The polypeptide is modeled as a chain linked by a set of torsion
angles, two for each of three residues that lie between the hydro-
gen bond (Fig. 1, Top). Thus one full turn of the α-helix is deter-
mined by three pairs of backbone torsion angles (φ1,ψ1), (φ2,ψ2),
and (φ3,ψ3). In order to form the helix, all three sets of torsion
angles must be in the helical configuration. We define the struc-
ture to be in the helical basin when all torsional angles are in the
right-handed helix domain of the Ramachandran diagram, after
which fast annealing can occur. Because φ is always in the helical
range (see below), the rotational diffusion problem is reduced to
the probability of finding all three values of ψ to be in the helical
domain. Therefore, the helix initiation time, tinit, can be expressed
as tinit ¼ τ∕p3, where τ is the characteristic time for the degrees of
freedom to thermally diffuse to an uncorrelated backbone con-
figuration (i.e., memory loss) and p is the probability that each
degree of freedom is in an α-helical domain. Note that torsional
(“conformational”) diffusion is the superposition of three modes
of rotation, and that the rotating masses are shared between
modes (Fig. 1, Top).
The dihedral angle ψ is defined by the relative rotation of the
bodies (modeled to first order as spheres) on either side of the
bond in a viscous Brownian temperature bath. Thus the auto-
correlation time, τ, is the temporal decay time of the ensemble
average of cosψ , denoted by hcosψi. Because random diffusion
is time-translation invariant, the correlation hcosψi decays by the
same factor at every time step—i.e., hcosψi ¼ e−t∕τ. This expo-
nential decay naturally defines τ as the unique randomization
time of the peptide conformation. Expanding both sides of this
relation and matching the first-order term for early times, we
obtained hψ2i ¼ 2t∕τ. Free rotation with respect to the dihedral
angle ψ is equivalent to independent rotation of the two spheres
on each side of the bond, denoted by θa and θb. Accordingly,
hψ2i ¼ hθa2i þ hθb2i. From Einstein’s equation of diffusion in
one dimension (which is valid for rotational diffusion at early
times) (28), hθi ¼ 2kTt∕γ. Here k, T, and γ are the Boltzmann
constant, temperature, and coefficient of friction, respectively.
Substituting this expression for hθ2i and then hψ2i, one finds τ
to be γaγb∕kTðγa þ γbÞ. For a sphere of volume V rotating in a
fluid with viscosity η, Stokes obtained γ ¼ 6ηV (29). Therefore,
the initiation time can be written in terms of the temperature
T, the viscosity of water η, and the volumes of the rotating masses
on either side of each bond (Va∕b, which is similar for all three
bonds): tinit ¼ 6ηVaVb∕p3kTðVa þ VbÞ.
Recently, the classic Ramachandran (30) steric plot was
updated by Ho et. al (31) to reflect the empirical dihedral angle
distribution. As in the original plot, there is a weak steric barrier
separating the right-handed α-helix domain from the β-strand do-
main. According to the (non-glycine/proline) map, reproduced in
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Fig. 3 (Top, Inset; note that the dark blue regions have no steric
clashes), the right-handed α-helical domain spans all allowed φ
values and about half of allowed values of ψ , neglecting the much
smaller left-handed helix region, which is isolated by a significant
steric barrier (31). Therefore, p ≈ 1∕2, and the initiation time is
given by
tinit ¼
τ
p3
¼ 48ηVaVb
kTðVa þ VbÞ
:
For helix initiation in the interior of a long polypeptide, Va and
Vb should be chosen to be the volume of the Kuhn length of the
chain, which for proteins is typically about 3–4 residues long (32).
Thus, the spherical approximation is reasonable even for helix
initiation in the interior of long proteins, with the initiation rate
about three times slower than at the protein ends because of
the increased values of Va∕b. The above equation will be used
to calculate helix initiation rates and we will compare the results
obtained with those rates measured via the T-jump methodology
and with all-atom MD simulations.
For Wh5, the slowest rotating dihedral angle is ψ2, with Va ¼
323 Å3 and Vb ¼ 232 Å3 assuming no hydration layer. The effec-
tive volume assuming one or two layers of water bound with vary-
ing tightness to the surface (typical for proteins) can be estimated
using the van der Waals water diameter of 2.82 Å (33). At
T ¼ 293 K, the viscosity of water η ¼ 0.001 Ns∕m2 (34), for
which tinit ≈ 5 ns for one effective layer of bound water. For a
range of temperatures, tinit is plotted in Fig. 3 (Top) with various
degrees of hydration along with the experimental T-jump results
for Wh5. Because the solvation shell is typically 1–2 layers thick
(35), the predicted initiation rates agree with the measured values
to within a factor of two. Note that the main effect of the tem-
perature is via the temperature-dependent viscosity. This order-
of-magnitude estimate is surprisingly good given the neglect of
the effect of shape and intramolecular interactions. Nevertheless,
the model description of cooperative diffusion can accurately
account for helix initiation. In addition, the temperature depen-
dence (slope) of the folding time is consistent with the experi-
mental results for all measurements reported here.
Computational. MD simulations were performed to further con-
firm the assumptions and predictions of the analytic model and
to explain the higher-order details of the experimental time-de-
pendent data: namely, the double- and single-exponential refold-
ing times of Wh5 andWgh5, respectively. Molecular construction
and MD simulations were performed using the CHARMM suite
of programs and the CHARMM22/CMAP force field (36–38).
For Wh5/Wgh5, the structure was centered in the cubic primary-
simulation cell with initial box length of 30.0∕28.5 Å. MD simu-
lations were performed using periodic boundary conditions at
311 K in order to mimic the conditions following a 13° T jump.
The starting structures of both polypeptides were constructed
with random backbone configurations and the same end-capping
as for the experiments. One hundred separate independent tra-
jectories, each lasting 100 ns, were obtained in order to yield a
total simulation time of 10 μs for each peptide.
At every picosecond frame of the trajectory, the rmsd of the
backbone from that of a canonical α-helix was calculated. All
frames within 0.7 Å were considered to be α-helical because 0.7
was the upper envelope of the well-defined rmsd basin corre-
sponding to the α-helix structure in the simulations. Based on this
rubric, the percent of right-handed helix content at 311 K was
20% and 3% for Wh5 and Wgh5, respectively. The percent of
left-handed helix content for Wgh5 was 6%, in agreement with
the CD results favoring the left-handed helix.
For each instance of helix initiation, the folding time is defined
to be the elapsed time between an unfolding event and a refolding
event. The total number of independently obtained folding
times of the right-handed helix was 595 and 244 for Wh5 and
Wgh5, respectively, allowing for an ensemble-level assessment of
the folding process. As shown in the refolding distribution (fre-
quency) plots in Fig. 3, both polypeptides display a range of re-
folding timescales from hundreds of picoseconds to nanoseconds.
For Wh5, the distribution of folding times fits closely to a double-
exponential function and poorly to a single-exponential function.
The two time constants, 320 ps and 7.0 ns, are in good agreement
with those found experimentally at the same temperature. For
Wgh5, the quality of a single-exponential fit is comparable to that
of the double-exponential fit, yielding a single time constant of
1.2 ns, again in good agreement with the single-exponential time
found experimentally. The trajectories indicate that the experi-
mentally measured rates on the shorter timescale correspond
to hydrogen-bond formation and local structural perturbations,
whereas those on longer timescales correspond to conforma-
Fig. 3. Theoretical and computational results. The helical and nonhelical
domains used in the model are taken from the corresponding regions of
the updated (non-glycine) Ramachandran plot of Ho et. al (31) (Top, Inset).
The α-helix regions (both left- and right-handed) are shown in red and the
β-strand region is shown in yellow. Note that each region is within a larger
sterically unrestricted domain (dark blue). Whereas crossing between right-
handed helix and β-strand domains requires traversing a region of minimal
steric strain (light blue), the left-handed helical domain is separated by a re-
gion of substantial steric strain (white). The predictions of the model are
compared with the experimental results for Wh5, showing helix formation
rates predicted by the analytic model with ultrafast T -jump experiments
for Wh5 as a function of temperature (Top). Regardless of the extent of sol-
vation, the predicted rate maintains the same temperature dependence as
the experimental results. MD results showing the histogram distribution
of folding times for Wgh5 (Middle) andWh5 (Bottom) are shown. The refold-
ing statistics for Wh5 display two well-separated timescales, whereas those
for Wgh5 indicate a single timescale. Significantly, the values of all fitted
timescales are in good agreement with those measured experimentally.
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tional diffusion from a random coil structure. Conformational
diffusion is faster for Wgh5 than Wh5 because of the decrease
in both viscous drag and steric clashes of the smaller glycine side
chains. For Wgh5, the overlap in time of local annealing and
global diffusion resulted in single-exponential time dependence,
in agreement with the experimental findings.
We now can construct the free energy landscapes of the (un)
folding dynamics from the results of the ensemble-convergent
MD simulations, as depicted in Fig. 4. Each point on the land-
scape is parameterized by the polar coordinates (r,φ), where r
is the oxygen–nitrogen distance between residue 1 and residue
5 (1O–5N), and φ is the torsional angle defined by 1O-2Cα-
4Cα-5N. These order parameters allow for an intuitive visualiza-
tion of the peptide conformation space, where r is the hydrogen-
bond distance and φ is the overall backbone twist. The landscape
is constructed by plotting the natural logarithm (multiplied by
kT) of the fraction of time the polypeptide spends in the (r,φ)
space; note that the total simulation time was sufficient to con-
struct an ensemble-convergent landscape. For Wgh5 (Fig. 4,
Upper), the landscape contains two minima with opposite twisting
directions corresponding to the left- and right-handed helix. In
addition to the greater stability of the left-handed helix, the land-
scape shows the lack of barriers separating the helical from the
unfolded form. In contrast, the steric interactions of the methyl
group side chains of Wh5 result in the existence of only the right-
handed helix as well as the formation of a steric wall separating
the helical domain from the unfolded domain (Fig. 4, Lower).
The memory-loss analytic model therefore captures the domi-
nant folding mechanism in which the peptide undergoes the rate-
limiting diffusive search to find the helical basin, after which the
steric wall facilitates the fast search for the native helical structure
before the peptide can diffuse out of the basin (Fig. 4, Lower).
The model defines the role of the steric wall to separate the
collective noncooperative torsional diffusion (the rate-limiting
step) with cooperative annealing to the native state, and thereby
the separation of timescales in the analytic solution. Without
the existence of such a steric wall, as evident in the free energy
landscape of Wgh5, the peptide can diffuse out of the helical
basin, and helix initiation will no longer be separated into two
temporal regimes. This landscape prediction is borne out by the
experimental results.
Concluding Remarks. By using the T-jump methodology with
picosecond temporal resolution, we have observed the folding of
the shortest possible secondary structures, representing the speed
limit of protein folding dynamics. Through studies of the sequence,
temperature, and length dependencies of rates, together with the
coarse-grained analytic diffusion model, as well as ensemble-
converging atomistic simulations, a quantitative picture of the
energy landscape emerges.This picture identifies the fast and slow
processes of the dynamics with local and global conformational
searches, respectively. The steric hindrance in Wh5 by the CH3
side chains is the key element for the separation of the rate-limiting
torsional (conformational) diffusion event from local annealing,
whereas the absence of such steric frustration in Wgh5 leads to
the overlap of these two processes, giving rise to a single temporal
profile in helix initiation. These findings demonstrate the interplay
of entropy and collective energetics in protein folding, even on the
smallest length and timescales.
Materials and Methods
The peptides Ac-WðAÞ3H-NH2 (Wh5), Ac-WðGÞ3H-NH2 (Wgh5), and 21-residue
helical heteropeptide Ac-WAAAHðAAARAÞ3A-NH2 (Wh21) were obtained
from California Peptide Research with >98% purity. N-acetyl-L-tryptophana-
mide was >99% pure and was purchased from Sigma. Peptide concentrations
were determined from the optical absorbance at 280 nm, using molar extinc-
tion coefficients of 5;690 M−1 cm−1. Solutions were buffered with 20 mM so-
dium acetate at pH 4.8. A detailed experimental procedure for an ultrafast
laser temperature jump setup has been described elsewhere (19). Here, we
briefly present some of the modifications made. The near-IR signal and idler
pulses were generated by two optical parametric amplifier systems pumped
by a Ti:sapphire amplifier laser system operating at 800 nm (Spectra-Physics)
with a repetition rate of 200 Hz. The T -jump pulse was set to 1.45 μm with a
sufficient energy, typically 15–20 μJ at the sample.
In our MD simulations, in addition to the polypeptides, 872∕747 transfer-
able intermolecular potential 3-point water molecules and one chloride ion
were added as a 61.5∕71.7 mM salinity solvent, yielding an electrically neu-
tral system comprising 2;698∕2;314 atoms. The all-atom CHARMM22/CMAP
force field was used for all calculations. To calculate helix refolding times,
we define an unfolding event when the rmsd exceeds 2 Å and a refolding
event when the rmsd drops below 0.5 Å for four consecutive frames (pico-
seconds), which was justified because 0.5 Å is the mean of the helical basin.
Note. In view of recent theoretical analysis, here we note the role of specific
rates in the comparison between the experimental and theoretical findings
of folding/unfolding. In the helix initiation T-jump experiments, and when
the timescale of temperature rise is significantly shorter than that of the dy-
namics involved, caution must be taken regarding the use of simple kinetics
(39) with the rates of folding and unfolding assumed to reach that of the
final temperature during the entire temporal change, because the former
involves the breaking of a single hydrogen bond, whereas the latter is the
result of conformational diffusion. As a result, the observed helicity will
not monotonically decrease, but rather “undershoot” and then rise to equi-
librium; this kinetic behavior can be seen in diverse contexts as long as there
are disparities in the equilibration of rates (40). In our experimental studies of
helix-coil transitions, this behavior is what was observed (fast initial unfold-
ing and slow refolding dynamics); the latter is evidenced in the decrease of
Fig. 4. Results-based free energy landscapes. The landscapes are parameter-
ized in polar coordinates using the hydrogen-bond distance and overall twist-
ing angle (see text). (Upper) The landscape for Wgh5 shows the existence of
both left- and right-handed helices (green structures), with the left-handed
helix more stable. (Lower) In contrast, the landscape of Wh5 shows only the
right-handed helix with a steric wall separating the helical domain from
the unfolded state. The dominant pathway is defined (red arrow) by a slow
diffusion from the unfolded state (gray structure) to the helical domain (red
structure), followed by fast annealing to the helical (green) structure.
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fluorescence, fluorescence quenching, as the tryptophan and histidine ap-
proach each other. Accordingly, the assumption of fluorescence increase
(and master equation analysis) by De Sancho and Best (41) is inapplicable
for this system. This point brings to focus the importance of careful analysis
of the timescales involved in macromolecular dynamics.
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